Abstract: A convenient methodology was developed for a very accurate calculation of 13 C NMR chemical shifts of the title compounds. GIAO calculations with density functional methods (B3LYP, B3PW91, PBE1PBE) and 6-311+G(2d,p) basis set predict experimental chemical shifts of 3-ethynylcyclopropene (1), 1-ethynylcyclopropane (2) and 1,1-diethynylcyclopropane (3) with high accuracy of 1{2 ppm. The present article describes in detail the e¬ect of geometry choice, density functional method, basis set and e¬ect of solvent on the accuracy of GIAO calculations of 13 C NMR chemical shifts. In addition, the particular dependencies of 13 C chemical shifts on the geometry of cyclopropane ring were investigated.
Introduction
Molecules containing cyclopropyl ring attract special attention due to several non-standard structural properties and unusual chemical reactivity [1] , [2] , [3] . Cyclopropylacetylenes are one of the most interesting members of the family and possess dual functionality owing to cyclopropyl and C²C groups [1] { [3] . Recently, an elegant synthetic approach to the unsaturated derivative { 3-ethynylcyclopropene 1 (Scheme 1) has been developed utilizing solid state elimination reaction [4] . Such compounds are of much interest, since incorporating a double bond into the strained three-membered ring is expected to substantially in°uence the structure and reactivity [5] , [6] . Besides the structural properties ¤ E-mail: val@ioc.ac.ru the molecules possess rather speci¯c NMR spectra, particularly concerning the signals of three-membered ring [1] - [6] . Nowadays 13 C NMR spectroscopy is an established tool of experimental structure elucidation mainly due to two factors: 1) high sensitivity of the 13 C NMR chemical shifts to structural and electronic properties; 2) the ability to measure 13 C chemical shifts with good accuracy on routinely available hardware [7] , [8] . Nevertheless, quantitative correlation of 13 C NMR data with geometry parameters is scarcely developed, especially for molecules with unusual properties [7] , [8] . The main problem arises from rather complicated dependence of the particular chemical shifts on a set of geometry parameters. Therefore, it is of vital importance to develop fast and reliable methodology for 13 C chemical shifts prediction and analysis.
In the present article the proper methodology for theoretical GIAO calculations of 13 C chemical shifts of 1-3 (Scheme 1) is described. Applying computationally inexpensive density functional calculations a very good accuracy of 1-2 ppm was achieved. Taking into account that the range of 13 C NMR chemical shifts for a typical organic molecule usually is >100 ppm ( [7] , [8] ) the accuracy ensures reliable interpretation of spectroscopic parameters. The compounds 1-3 were selected since both experimental 13 C NMR spectra and X-ray structures are available, thus allowing a detailed comparison and analysis. The X-ray structure of 1 has been recently discussed [9] , [10] , [11] . In addition, the most di±cult topic for experimental NMR spectroscopy { the correlation of particular geometry parameters with the chemical shifts was investigated.
To the best of our knowledge this is the¯rst study to address the question of highly accurate 13 C NMR spectra calculations of cyclopropyl and cyclopropenyl acetylenes.
Calculation procedure
Geometry optimization was performed with B3LYP hybrid density functional method [12] , [13] , [14] . Standard 6-31G and 6-311G basis sets [15] , [16] and correlation consistent cc-pvtz basis set [17] were used throughout the paper. Normal coordinate analysis was carried out to verify the nature of the stationary points (no imaginary frequencies). Final symmetry point groups were: 1, 2 { Cs, 3 { C2v. Optimized structures of the studied molecules are shown in Figure 1 . For experimental geometries the positions of carbon atoms described in the appropriate X-Ray study for 1, [9] 2, [18] 3 [19] were utilized. The positions of hydrogen atoms were found with constrained B3LYP/6-31G(d) optimization keeping all carbon atoms frozen. No symmetry restrictions were applied during constrained optimization and all structures have converged to the same point groups given above. In addition, molecular structure of 2 as determined by microwave spectroscopic data was used as described [20] .
13 C NMR chemical shifts were calculated within GIAO (Gauge-Independent Atomic Orbital) approach [21] , [22] , [23] , [24] , [25] [30] . In order to compare with experiment calculated absolute shieldings were transformed to chemical shifts using standard procedure with a reference compound [31] . The simplest hydrocarbon -methane was used as a reference compound (± exp (ref)=-7.0 ppm) and the chemical shifts (±) for 1-3 used throughout the article were obtained according to the formula:
where ± calc (ref) { calculated absolute isotropic shielding of the reference molecule, ± calc { calculated absolute isotropic shieldings of the studied molecules. In all cases both ± calc (ref) and ± calc were evaluated with exactly the same method and basis set.
E®ect of solvent was investigated within PCM approach [32] , [33] , [34] . Full geometry optimization for the compounds 1-3 was performed at PCM-B3LYP level without symmetry restrictions.
The calculations were carried out using Gaussian98 package [35] . MOLDEN was utilized for molecular graphics visualization [36] .
The accuracy of density functional calculations in predicting chemical shifts deserves special note. Originally it was reported that ab-initio calculations at MP2 level with a large basis set are more accurate [24] . However, in recent years there is an increasing number of reports indicating better accuracy of density functional calculations [37] , [38] . At the moment it is unclear whether it corresponds to better accuracy of the method or due to errors cancellation. Undoubtedly, very economical in respect of computational resources density functional calculations would be more suitable for studying typical chemical molecules, especially taking into account that large basis sets are required for NMR properties prediction. Therefore, further testing and developing an accurate methodology for accurate NMR chemical shifts prediction with density functional methods is of much importance.
Results and discussion
Calculation of NMR chemical shifts is known to be sensitive to the basis set and quality of geometry, thus both have to be checked for accurate 13 C chemical shift prediction.
To check the basis set e®ect GIAO calculations of 13 C NMR chemical shifts of 1 were performed at B3LYP level with various basis sets using B3LYP/6-31G(d) optimized geometry (Table 1) . The calculations at B3LYP/6-311+G(d) level do not result in the reliable 13 C NMR spectrum prediction of 1. Further enlarging the basis set does not improve the accuracy and in all cases relatively high average deviation of about 4 ppm is observed. The most noticeable disagreement between calculated and experimental spectral parameters concerns C1, C2 (¢± º8 ppm) and C3 (¢± º3 ppm), while the values for C4 and C5 are predicted more accurately (Table 1) . Since there is no clear trend in the average deviation of the chemical shifts within the basis sets used, most likely the calculations are converged with respect to the basis set. For the further calculations the medium size 6-311+G(2d,p) basis set will be employed. Next, the e®ect of geometry will be considered. Reoptimization of 1 at the B3LYP/6-311+G(d) and B3LYP/6-311+G(2d,p) levels has a small e®ect on geometry and leads to a minor change in the calculated chemical shifts compared to B3LYP/6-31G(d) optimized geometry (Tables 1-2) . Optimized geometry parameters (Table 3 ) are in good agreement with theoretical calculations available in the literature [9] , [10] particularly, with those performed at CCSD(T)/TZ2P+f level [10] . Using the other theoretical levels (MP2, CCSD, B3PW91, BHLYP) for optimization of 1 introduces rather small changes to geometry [9] , [10] . Therefore, further reoptimization may hardly improve the calculations and experimentally determined molecular structure should be tested.
GIAO calculations at B3LYP/6-311G+G(2d,p) level on top of experimental X-Ray geometry result in a signi¯cant accuracy increase ( Table 2 ). The average deviation between experimental and calculated 13 C NMR spectrum is of only 1.9 ppm. The most noticeable di®erence between experimental and calculated geometry of 1 is the length of C1-C2 double bond, 1.255 º A vs. 1.292 º A (Table 3) . Indeed, the chemical shifts of C1 and C2 atoms possess the largest deviation of about 8 ppm if B3LYP optimized geometry is used in GIAO calculations (Table 1) . The neighboring C3 atom also possesses a noticeable di®erence (¹ 3 ppm), while the chemical shifts of C4 and C5 are predicted more accurately (Table 3) . Constrained geometry optimization of 1 with C1-C2 bond length xed at experimentally determined value of 1.255 º A [9] followed by GIAO chemical shift calculations results in a good agreement between calculated and experimental 13 C NMR spectrum (Table 2) . To summarize, the X-Ray structure of 1 provides a better geometry for 13 C NMR chemical shift calculations as compared to the B3LYP optimized one and decreasing the length of C1-C2 bond leads to high¯eld displacement of C1, C2 and C3 chemical shifts.
To verify the latter a series of constrained optimizations were performed with C1-C2 bond length in the range of 1.20-1.35 º A. Indeed, decreasing the C1-C2 bond length leads to high¯eld displacement of the chemical shifts (Figure 2A ). X-Ray determined value (1.255 º A) provides a good agreement with the experimental 13 C spectrum.
The same relationship is observed with the other density functionals used { B3PW91, BLYP and PBE1PBE (Table 4) . GIAO calculations with X-Ray geometry lead to much more accurate 13 C chemical shifts, particularly for C1-C3 atoms. Two available experimental geometries for 1 with C=C bond length set to 1.278 º A (corrected to take into account molecular motion in the crystal) [11] and 1.255 º A (uncorrected) [9] were tested with all the density functionals used (Table 4) . Using corrected value an excellent agreement was achieved for C3, while using uncorrected geometry resulted in more accurate prediction of C1 and C2 chemical shifts. As expected, the calculated C1-C3 chemical shifts for corrected C=C bond length (1.278 º A) were intermediate between the uncorrected (1.255 º A) and theoretically optimized (1.292 º A) values (see Figure 2A) . The values for C4 and C5 were almost unchanged.
Although in a less pronounced manner, this behavior has been also observed for the cyclopropylacetylenes 2 and 3 with all the density functionals used (Table 4) . GIAO calculations with X-Ray geometry lead to more accurate chemical shifts compared to B3LYP optimized geometry. For the compound 2 two experimental geometries are available { X-Ray and microwave determined ( Table 3 ). The former was found to provide more reliable chemical shifts.
In the cases of cyclopropylacetylenes (2 and 3) the di®erences between experimental and theoretical geometries are smaller than in 1 (Table 3) , therefore the changes in average deviation of the NMR parameters are not as big (Table 4) . However, the same tendency is clearly observed. It is interesting to note that X-Ray determined values of C1-C2 bond length in 2 and 3 are shorter than corresponding theoretical and microwave determined values ( Table 3 ). The similar e®ect was mentioned above for the C1-C2 double bond in 1.
In all cases 1-3 the calculations correctly reproduce the unusual high¯eld chemical shift of C3 nucleus (Table 4) , ±=2.7 ppm even if the atom is bonded to the sp and sp 2 hybridized carbon atoms (1). Another interesting e®ect { more than two-fold low¯eld displacement of C1 and C2 chemical shifts in 3 as compared to 2 (±=19.5 and 8.1 ppm, respectively) is correctly predicted by the calculations ( Table 4) .
The X-Ray structures are reported for the solid state and NMR spectra were measured in solution. Thus, e®ect of the media deserves special note. For hydrocarbons without heteroatom substituted functional groups, only small e®ect of the media may be expected, in particular this assumption has been suggested for 1 [9] , [10] . Nevertheless, to check possible in°uence of solvent the structures of 1-3 were reoptimized modeling chloroform surrounding them (this solvent has been used in experimental measurements [4] , [29] , [30] ) with PCM approach. Indeed, B3LYP-GIAO calculations of 13 C NMR chemical shifts optimized at B3LYP-PCM level has shown only a very minor di®erence with those obtained without taking solvent into account. An average deviation less than 0.3 ppm was observed. Therefore, applied theory level provides reliable descriptions of the chemical shifts for the studied compounds. It should be noted that the calculation takes into account only the solvent e®ect on the molecular geometry and does not include the e®ect of solvent in GIAO calculations.
The question concerning the reasons of better accuracy in reproducing spectral parameters with X-Ray geometry is of interest. This could be considered as an exceptional behavior, since in most cases theoretical gas phase geometries would provide more reliable description. One of the reasons could be, of course, higher quality of geometry. However, another consideration should be taken into account as well. The calculated chemical shifts correspond to the particular geometry and do not take into account other molecular con¯gurations. To account for the latter both the shielding surface and the potential energy surface should be calculated followed by weighting according to the probability of particular nuclear con¯guration. Currently thermal averaging can only be done for the very small molecules, mostly di-and triatomic [37] , while for typical organic molecules it is fairly impractical in respect of computational resources. Increased accuracy obtained with X-Ray geometries compared to theoretical ones could be caused by better suitability of the former for describing averaged chemical shifts. For these reasons the calculations described in the present study may not be used as a direct evidence to choose the correct value of C=C bond length in 1 (see [9] - [11] ). The question deserves further investigations, particularly in respect of chemical shift averaging and including e®ect of solvent into GIAO calculations.
To analyze the particular dependencies of 13 C chemical shifts on the geometry of cyclopropane ring a series of constrained optimizations were performed followed by GIAO calculations at B3LYP/6-311+G(2d,p) level (Figures 2-3) . The bond lengths were varied in ¹ 1.0 º A range (by 0.5 º A longer and shorter than equilibrium distance) with 0.1 º A step. Increasing the C1-C2 bond length in cyclopropylacetylene (2) leads to low¯eld displacement of the C3 chemical shift and high¯eld displacement of the C1, C2 chemical shifts ( Figure 3A) . The opposite dependence was found upon increasing the length of the C2-C3 bond: high¯eld displacement of the C3 chemical shift and low¯eld displacement of the C1, C2 chemical shifts ( Figure 3B ). Comparing the calculations for the cyclopropyl-(2) and cyclopropenyl-(1) acetylenes the same dependencies on the C1, C2 and C3 chemical shifts were observed upon changing C2-C3 bond length ( Figure 2B and Figure 3B ), as well as the similar dependence of the C3 chemical shift on the C1-C2 bond length ( Figure 2A and Figure 3A) . However, increasing C1-C2 bond length leads to low¯eld displacement of C1, C2 chemical shifts in 1 and high¯eld displacement in 2 (Figure 2A and Figure 3A) . Therefore, the dependence of the C1, C2 chemical shifts on the bond length between these atoms is a characteristic parameter sensitive to incorporating double bond into the cyclopropyl ring.
Conclusion
For the studied cyclopropenyl-and cyclopropyl acetylenes the most accurate calculation of 13 C NMR chemical shifts within GIAO approach can be achieved using X-Ray molecular structures. For the studied molecules the following average errors in predicting experimental chemical shifts were obtained: 1.8, 1.3, 3.0, and 1.3 ppm for B3LYP, B3PW91, BLYP, and PBE1PBE density functional methods, respectively (averaged for 1-3 at each level, see Table 4 ). Using the theoretically optimized geometry, 3.5, 2.9, 4.7, and 3.3 ppm errors were obtained with the same density functional methods, respectively (averaged for 1-3 at each level, see Table 4 ). B3PW91 and PBE1PBE calculations provide the most accurate chemical shifts, although frequently employed B3LYP method is a proper choice as well.
An e±cient protocol includes taking the heavy atoms coordinates from the X-Ray structure, optimizing hydrogen atoms positions at the B3LYP/6-31G(d) level followed by GIAO calculations of the chemical shifts at the B3LYP/6-311+G(2d,p) level. Using B3PW91 or PBE1PBE methods at the last stage may slightly improve the results.
The calculations predict opposite dependence of C1, C2 chemical shifts in 1 and 2 on the bond length between these atoms. Increasing C1-C2 bond length in cyclopropenylacetylene (1) results in low¯eld displacement of the chemical shifts, while increasing Table 1 .
c C1=C2 bond lengths¯xed to 1.255 º A during geometry optimization. Average deviation between theoretical and experimental values for all¯ve atoms C1-C5 (see Table 1 for experimental values). 
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